Abstract We tested the accuracy and efficiency of a novel automated program capable of extracting 15 cardiac computed tomography angiography (CTA) parameters from clinical CTA reports. Five hundred cardiac CTA reports were retrospectively collected and processed. All reports were prepopulated with a structured template per guideline. The program extracted 15 parameters with high accuracy (97.3 %) and efficiency (84 s). This program may be used at other institutions with similar accuracy if its report format follows the Society of Cardiovascular Computed Tomography (SCCT) guideline recommendation.
Introduction
Per the recommendation of the American College of Radiology (ACR), radiation dose parameters, such as computed tomography dose index (CTDI) and dose-length product (DLP), should be archived to establish exam appropriateness and to optimize exam protocols [1] . ACR initiated the Dose Index Registry as a national effort to provide exam standardization and feedback to individual institutions [1] . To facilitate data transmission, several software programs have been developed to enable automatic extraction of dose parameters from Digital Imaging and Communications in Medicine (DICOM) images or its metadata [2, 3] .
Radiation exposure in a cardiac CT angiography (CTA) exam is a result of complex interaction among multiple factors, such as the ECG synchronization method, kVp used, patient's body mass index (BMI), heart rate, etc. Given the variety of information that is needed to create a comprehensive cardiac CTA registry, manual data extraction can be timeconsuming and may not be feasible in centers with high volume or limited resources. Natural language process (NLP), a field that studies the interaction between human languages and computers, has had broad applications in radiology and may be utilized in cardiac CTA report processing [4, 5] . In this manuscript, we describe a novel automated program capable of extracting 15 cardiac CTA-related parameters from clinical CTA reports. We tested its efficacy and accuracy against manual extraction.
Methods
Our institutional review board granted a waiver for this retrospective quality assurance research. The Health Insurance Portability and Accountability Act (HIPAA) compliance was maintained throughout the study.
Patient Population and Exam Protocols
We retrospectively collected 500 consecutive cardiac CTA reports from October 2012 to April 2013. Text reports, patient age, and gender were downloaded from the radiology report search application (RENDER, Massachusetts General Hospital, Boston, MA) used at our institution in Excel format (Fig. 1a) . All cardiac CTAs were performed on multi-detector 64-detector-row or higher scanners under direct physician supervision. A cardiac CTA report template (Fig. 2 ) was set to automatically populate as part of the default report associated with the relevant exam codes in the radiology information system (RIS). The template followed the structured reporting format per guidelines [6] and department policies, but reporting physicians had the flexibility to modify the template when appropriate.
Automatic Extraction Program
A program to extract patient and scan parameters (Table 1) was written in Matlab (Version 7.10.0, MathWorks, Inc, Natick, MA, USA). Patient parameters included the average, minimum, and maximum heart rate (beats per minute [bpm]) during image acquisition, patient's height (in inches), weight (in pounds), and BMI (in kilograms per square meter). Scan parameters included scan indication (native coronary assessment, coronary artery bypass grafting [CABG] assessment, aortic assessment, pulmonary vein assessment for pre-atrial fibrillation ablation, or congenital disease evaluation), total contrast administered (in cubic centimeters), contrast flow rate (in cubic centimeters per second), nitroglycerin administered (in micrograms), beta-blocker administered (in milligrams), ECG synchronization used (retrospective ECG gating, prospective ECG triggering, or high-pitch helical prospective ECG triggering), tube voltage (in kilovolt), tube current-time product (in milliampere seconds), and DLP (in milligraycentimeter) per exam.
The time needed to process 500 cases was internally measured by the program. Extraction errors were identified by manually comparing the processed data with its original report. Comparisons were performed by a fellow with 2 years of training in cardiac CT. The accuracies per parameter were then calculated as (the number of correct data entries for each parameter)/(total number of data entries for each parameter). The overall accuracy for all exams was calculated as (the number of all correct data entries)/(total number of data entries). Exams were then divided by their corrected exam indications, and the overall accuracy containing all parameters for each exam indication was calculated as (the number of correct data entries for exams that belong to a specific indication)/(total number of entries for exams that belong to such exam indication). Data entries that were not mentioned in the report and were left as empty cells in the processed data sheet were considered as correct extractions. For any parameter with an accuracy <95 %, the most common reasons for error were noted.
The automatic extraction program is illustrated in Fig. 3 and described in detail below. A pseudo-code is included in Appendix. Step 1: Locate Input Excel File Input data was downloaded from RENDER as an Excel worksheet to the same folder as the automatic extraction program (Fig. 1a) . The program generated a list of Excel files in the local folder from which the user could select the input file.
Step 2: Direct Each Parameter to the Appropriate Pathway for Extraction Parameters were classified as either numerical or categorical. Numerical parameters were further divided into simple extraction and complex extraction. Simple numerical extraction used pre-specified delimiters and generated one number as an output. For example, DLP was extracted as the number between the phrase "total exam exposure" and "mGy-cm." Delimiters that were used in simple extractions are shown in a snapshot of the parameter Excel file (Fig. 1b) . User had the flexibility to modify delimiters as needed. Complex numerical extraction and categorical extraction were directed to its subprograms, which searched for certain text in the report and followed a predefined decision rule. For example, an exam was considered to be performed for the indication of aorta assessment if (1) the phrase "aorta assessment" was present anywhere in the report or (2) aorta measurements such as the ascending aorta diameter were made and mentioned in the report. The predefined decision rules were formulated by a research fellow with 2 years of experience in cardiac CT angiography. Detailed decision rules for each subprogram are illustrated in Appendix, Pseudo-code. All parameter processing information were stored in Excel file [parameter.xslx] (Fig. 1b) .
Step 3: Repeat Step 2 until All Parameters are Extracted
Step 2 was repeated until all parameters listed in parameters.xslx were extracted. Processed data were written on an output Excel file as shown in Fig. 1c .
Step 4: Visual Inspection During our clinical practice, the processed data was then visually inspected for any entry that appeared outside of the physiological range (for example, a height of 5 in.). Such error was then corrected by manual extraction from the clinical report. Correction was not performed for these 500 test cases in this study in order to maintain original output data for accuracy assessment. 
Results
Fifteen parameters for 499 patients were successfully extracted with an overall accuracy of 97.3 % on a per data entry basis (Table 1) . One aborted exam was excluded from all accuracy calculations. Two parameters were categorical (scan indication and ECG synchronization method) and the other 13 parameters were numerical. The processing time for automatic extraction was 84 s. Accuracy exceeded 95 % for 12 parameters. Three parameters (height, weight, and ECG synchronization method) had accuracies below 95 % but above 90 %. Reasons most often quoted for errors were incorrect formatting (such as in a different unit than inches or pounds) for parameter height and weight, and duplicated entries for the parameter ECG synchronization method (i.e., two consecutive CTA acquisitions were performed with different ECG synchronization methods). Accuracy of each parameter is detailed in Table 1 . Automatic extraction for native, aortic, CABG, and pulmonary vein assessment yielded excellent accuracies (>97 % for all). Congenital disease protocols resulted in a significant lower accuracy rate of 84.8 % in comparison to other scan indications ( Table 2) .
Discussion
In this paper, we described an automated program capable of extracting 15 parameters from clinical cardiac CTA reports with high accuracy and efficiency. We demonstrated the feasibility of developing a simple extraction program in house to tailor data collection specific to cardiac CTA exams.
Our institution maintained a comprehensive cardiac CTA registry that dated back to the introduction of 64-slice multidetector computed tomography (MDCT) for clinical cardiac CTA [7] . Our initial data collection was performed manually and was labor-intensive. An opportunity for developing an automatic data extraction program came after our department adopted the structured cardiac CTA reporting as recommended by guidelines [6] . Structured formatting prompted cardiac imaging specialists to enter exam-related parameters. It minimizes errors and has also made text-searching feasible with our current program [8] . In fact, one of the most common reasons for errors in our extraction was deviation from standard reporting, such as incorrect format and duplicated entries.
Our program has been shown to be highly accurate and efficient. Although we had an error rate of 2.7 % in these 500 consecutive cases, these errors were easily recognizable (such as data beyond a physiological range, etc.) and could be corrected with minimal effort. Specifically, we would like to note that congenital disease protocol was associated with a more than 10 % accuracy gap in comparison to exams performed for other indications. This significantly lowered accuracy may be due to the complexity of congenital diseases, as our imaging specialists modified the exam acquisition and report structure appropriately to answer disease-specific nonroutine questions [9] . In comparison to other metadata or DICOM-based extraction program, our program was able to obtain comprehensive information regarding patient and exam parameters in addition to radiation exposure. This comprehensive information enabled our registry to function beyond record keeping. It provided accessible data for quality improvement initiatives and retrospective research projects without exposing patient's medical history. Although this program was specifically developed for our institution, it may be able to operate with similar accuracy for other institutions if they were to employ structured CTA reports that adhere to the Society of Cardiovascular Computed Tomography (SCCT) guidelines.
Our limitations include reliance on structured reports and inaccuracy when structured templates are not followed. Additionally, our program only extracts, but does not verify, information on the report. Therefore, if a manual error is made in generating the report, our program would have transcribed the information as it is on the report and would have not detected it.
Conclusion
We described an automated program capable of extracting 15 parameters from clinical cardiac CTA reports with high accuracy (97.3 %) and efficiency. This program may be used in other institutions with similar accuracy if CTA reports are structured in a format that follows SCCT guidelines.
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